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A cic?s Cript_i on of the I)SN VI,}<] clat. a Sc!t. ancl C)f lnc)s)t aspc!c:t s of L.l]c
cla t a anal y:; i s c:an be founcl i n I RRS ‘1’ec~hni cdl Nc)t e 1 “/ , PP. R- 19 t c) R- 32
( see al SC) 1 HRS; Tec:hni  cal Note 19, pp . I<- 21 t c> R- ?.’/ ) . ~’he main changes in
thi s year ‘ s analysis f rom last. year ‘ s arc s i mp] y clue t c) i r-lc: 1 ucii ng
a~]ot her yec2r ‘ s, Ciat-:i .

l’hi s year we have removed one! smal 1 cli sc:rc?panc:y  bet-ween the 1 E:I<S
st andarcis  and our software by corn put.i ng t he ecluat. i on of equi nc)xes usi ng
t }Ie nlc’an of date oh] i clui Ly raLher than the true of date oh] i clui t,y (see
1 }’:1<S ‘1’ec:hni cal Note 13, pp . 30-31 ) . We st i 11 ccnnput.e the pc)l e t_i de
usinc~ the full value of the PO] ar motion ixi the c:onventi ona] terrestrial
s ys t cm wi Lh no “mean” val ue re]novccl, si nc:e the ccJ]Jcept-  c)f a “mean” here
seems poor] y clef i ned (see IE;RS ~’ec:hnjca] NOLC 13, p. 59) .

$,c)rne chanc3 es, in processing ~;t,l-a~egy wq. rc. t,est. cd but. were noL
acic)pt ed for t-he f inal so] ut. i c)n bec:ausc t-hey ciicl not, seem LC)
~iqni f icant. ]y improve the re.sul t.S . ~’hi s year these inc]udecl
(~i) estintat-i  ng permanent. t,ropc)sphere gracii ent. s at each comp] ex, and
(1)) acljust_ing t_he observabl  e uncert,airlt-y based on the scan ciurat. i on
(intended primari ly LO better account- for errc)rs in t-he delay rate
ohservab] es inducecl  by Lropcjspheri c vari at, i ens) .

ChIr approach Lo moclel ing the t.rc)pospheri c effects on the VI,Fll
observahles was as fol lows . A p~-iori dry zeni t-h Lropospheri c de] ays
were ciet. ermi ned f rorn baromet-ri c: pressure measure  n~ents at- t-he I)SN si tes ,
corrected for height cli fferences between the pressure sensor ancl t-he
ant ennas . A priori wet zenith tropc)spheric: clelays were clerived from
tables of monthly average wet. zenith cle]ays for each station, which are
hasecl c)n historical radio sonde ciata. The I,a~~yi function was usecl for
mapping zenith tropospheric C]CI ays t.c) observed elevations. ‘l’he
tanperat.ure at- the top of the l-)c)unclary layer, a paranleter in the Ilanyi
func~t ion, was t,aken LO be the 24-hour average of the surface temperature
at. t.hc! station. Adjustments LO the wet troposphere zenith delays were
estjrnat.  ecl every two LO three hc)urs .

L)uring c:alendar year 3995, the l’13MP0 project produced earth
rc)t. at i on measurements from 85 clual frequency observing sessic)ns, wiLh
a meclian st, andard error along the minor axis of the error e]] ipse of
0.3 nlilliarcseconcls  (mas) , anti al c~ng the rna30r axi s, c)f 1 . 5 mas . I)uri ng
1995 the median turnaround time for 1’EIMPO measurements, from observation
to avai labi 1 ity of earth orient. at. ion parameters, was 43 hours.

In the Tidal EXP t-able below, the argument. conventions are those of
Severs et. al . (1993). ~’he fc)rmal errc>rs range frcm~ 10 t.o 43
rnicrc)arc seconcl.s but real istic uncertainties are probably about ‘/0
micro arc:seconds  (one st, andarcl deviation) .

ACKNOW1 ,IU)C;I!MHN1’S . We WOUIC3 like Lo L.hank each and every one of Lhe
many people who contributed Lc) the accmisi tion ancl analysis of t-he IISN
VIII]] clat. a. The work clescribccl in this paper was carriecl out by i-he
Jet Propulsion I,abora Lory, California Ins LiLut.e of Technology, under
c!ontract. wi t.h the National Aeronautics ant] Spac!e Aclminis Lrat. i on.
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1 - ~’echni  CIUC : VI ,111

2 - Anal ysi s Center : <J I’1,

3 - Sc)ft,ware US CC1: MOI)F:Srl’

4 - I)at. a span : Ott ‘/8

5 - Celest-ia] Reference Frame: RSC (.JPI,

a - Nature: exkraga] ac:Li c

b - Ilef init. i on c)f the orientation:
T’he Ri ght Asc:ensi on ancl I)CCI i nat i cjn c)f OJ 28’/
and the Declinatiorr  of C’1’1) 20 (0234+285) were
at. Lhe values speci f i ccl in RSC (I F:RS) 94 C 01 .

6 - ‘1’errestri al Ref erence Frame : SSC(JPI, ) 96 R 01

(0853+202)
he] d f i xecl

a- Relat ivi t.y scale: I,FYI’ (’liI)l’=gc!oCc! nt. ri c! wi t h 1 AT)
The rel at. ivi Ly mc)clel USCCI i s
essenti al 1 y equiva] ent. tc) t_he
“ consensus model “ desc:ri bed by
Fhbanks .

b - Veloci t-y of light: 299 “192 458 In/s

c’ - Geogravi t-ati onal cc)nstant. : 3.9860 0448 ‘I O+ *14 I[~**3*s*  *-2

c1 - Permanent Li clal cc)rrect. i cm : Yes

e- I)efinit. ion of the c)ri gin, and

f - Def init. i or] of i_he orient. at, ion:
Six const_rai nt. s were app] i cd t.o t,he nine coordinates
(at epoch 1993.0) c>f DSS 15, DSS 45, ancl DSS 65, such t-hat-
i f a seven parameter i_ransformat.i  on (3 t-ranslations,
3 rota Lions, 1 scale) between t-he JPI, 1996-1 ancl IT’RF-93
systems were est. imat.ecl by unweighteci  least. squares appl i ecl t.o
the coordinates of DSS 15, 45, and 65, t-hen the resulting
3 translation ancl 3 rotation parts of t_he transfc>rmat. ic)n
would be zero whi le the scale c;ould be nonzero and unknown in
advance of computing Lhe cat, alog. (When expressed as the dc)t.
product. of a nine dimcmsicmal unit vector with the nine
sta Li on coordinat.  cs, each constraint. is assignecl an a pric)ri
standard deviatiol”l c)f 5 mm; this does not affect the
resulting coorclinat.es but. cloes affect the calculated forlna]
errors, giving them a mc)re spherical distribution than wcmlcl
resul t if ei Lher very large or very smal 1 a pric)ri st-ancl arci
deviations were usec]. )

g - Reference epoch: 1993.0



h - l’ect  oni c: p] at. c Inc)de]  : 1 ‘I’RF’  - 93 pl us ac] j us t. Ill~l”lt. S

i- Constraint for t i me c’VOIUt. i On:
T’hrec!- ciim~!nsi c)na] si t e vcl oci Li QS were est. imateci fc)r each of
the three I)SN cc)mp] cxes, . A] ] stat i C)XIS i n each I)SN co~i[pl  cx
were assumecl t.c have the szlme si t.e vel oci t.y . 1’11<, ve] oci t i c,:;
were const. rainecl sc) as to }>rc)cluc:e no net. trans] at. i c)ll T-;it c aTlci
no net rc)t. at ic)n rate, for the net-work compcjsecl of tllc th~-ce
I)SN ccmlp]exc?s, ]-c:lat ive to Lhe net. nlotic)n c)f this Iletwork of
t.hrcc si t.es as cxpressecl in the 1’I’KF- 93 velcjcity f ield. ( Wh(’1”1
expressed as t,hc! clot. prc)duct of a nine dinlell S; ional ulli t. vec:t c)r
wi t.h the nine si te vel c)ci t y c:c)ri~pc)rlent s , each c:c~list. rai IIL ] ~;
assi gnecl an a pri ori st. andarci clevi ati c)n of 1 .0 Iim~/yr ; t}]is
cioes nc~t. af feet- the rc!su] t.ing velc)c; i ty Componerits  but. CIC)CS
af feet. the cal culat ecl formal errc)rs, giving Lhcm a l[lc)rc’
spherica] clist. ri buti c)rl than WCIUICI  result jf eit. h~r very large!
or vc!ry smal 1 a priori stanclard clcwia~ions were usc!ci. )

‘/ Earth Orientation: ROP(J PI,) 96 R 01

b - A priori nutation IIIC)CIC>I : ZMOA - 1 990–2 plus acljust.l[[ent.  s

c– Short-period t.ic]al variaticm.  s in x, y, U’111 :
As part. of the JPI, 1996-1 cat-slog so]u~ion w<! est. imatc!d
Coefficients  of a moclel of EtRP variations at four
nearly-diurnal ancl four ~~carly- sc:r[]i diurnal Licla] frecluencies
(Near ly-ciiurnal  polar motion variations were cc)nstrainc!cl
t-o have no retrograde part. , thus allowing simultaneous
est. jmation of nut. at, icjns. ) l’he repc)rtecl  earth rot-a t.ic)n
paramct, ers have hacl these tidal f rc!cluency variat i c)ns
removed acc:orcling LC) the parametric mode] estimat. ecl in
c:atalog sc)lui-ic)n. (In c)t.her wc)rcls, these effects have
been addec3 back in producing ROP(JPI, )96 R 01 .)

8 - Estimated Parameters:

i 1’1 e

N.JOrl’

a- Celestjal Frame: rjght. ascension, c~ec:l  jnat i C) T-I
(all sources, but. see 5b)

. . .
b - Terrestrial Frame: Xo, Yo, Zo, x, Y, z

(by st. at. ic)n) (by sit. c!)

c- I?ar Lh Orjen Lat. ion: LJ~’O-Url’C  and Varjat. ion of I,a Lit.ude
c]f the baseline vector

pr~C!essi On C!OnS~&iIIt , Ob]iclllit.y
rate, celes~ial pole
c) ff sets at J2000

coef f icient-s of 23 nut. atio~) terms
coefficients c)f 40 cli urna] ancl

s,~n~i di urn Czl t.i da] t.er]ns> i l] F, RI’

wet zeni t.h t-ropc)spheric clelays
st_at. ic)n clock c) ffset. s, rat. c!s ,

ancl f requcnc:y c)f f set s

c1 - Others
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,ll’1, . NA.SA ‘ s I)eep SpaCe Netwc)rk c)perat.c>s radi o t c!] escopc’s  ; n t hree
C! C) Illp] C?XC!S : ix~ Australia, Spain, ancl t.hc~ USA (cal i fornia) . V1lI\l ciat. a
C’CJI 1 c!c:t. ecl f rc)m Lhese si t.es by ~JI’1, bet.wec!n 1 9’/8 ancl 1996 were analyzed
fc]r celestial aTIcl t_erres Lrial frames ancl earth rc}t at ion paralnct  ers,
a]lcl repc)rt ecl a.s uJ1’11 96 R 01 . q’he c:el est. i al f rame givc!s Cc)c)rcli Ilat es f c)r
286 racli c) sc)urces ancl i :; t i ccl t C) RSC ( 1 RRS) 94 C 01 t hrough t.hrec: ccjc)rc~i ~lat es
c) f t WC) Sc)ul”ccs  . l’he t.errest.  ri al frame gives .st at i C]li c:oc)rcli  nat es ancl
velc)cit. ies for 10 st, at. icjns in 3 sites, Clnci i s ti Ccl t o 1 ‘1’RF- 93 i n bc)t. h
] c,c:a~i on ancl vc] oci t.y using or]e ~,tat,]c)ll  in each si Le. l’hc! alla] ysi s gi VC:S
a t i me sc!ries  RC)I’(UJI’1, ) 96 R 01 cent aining the IJ’1’O-U2’C  ancl Variation c)f
IIat. i t.uclc!  c)f a base] ine vec Lor at, a f recluency of two measurement:;  pc!r
week . Aclcli Li onal earth rot at. i cm i nf ormat.i on is provi decl i n est, i mated
c:c)rrect. i C)ns Lo prec:essi  on, oh] icluity rat. c!, celestial pc)le offsets at.
epoch , 23 coefficients of nut. a~ion terms, and 40 cc)efficient.s c)f a
])aramet. ri c model for the n~!ar]y - diurnal ancl near] y- semi diurnal t i cla]
f l-ec~uc!ncy  vari at. i ons of U’1’l anti PC)] ar moti c)n.

A]~pencli x 2: Operati c)na] Charact eri sti cs c~f TEMI’0 VI, III I)ata :

NASA ‘ s Deep Space Net work (I)SN) c)perates racli c) t.e] escopes f or the primary
purpose of communi cat, i ng wi t.h int_erpl anet.ary  spac:ecraf t. . l’he I)SN ha:;
t.llree complexes : in California, in Spain, ancl in Australia. l’he ‘l)i me ancl
Harth Mot_i on Preci si on Observat-i ons (TEMPO) project uses t-he DSN
t.el escopes Lo make rapi d turnaround VL,B1 mea$; uremen~s of stat.i on clock
sy~lchr-oni za~ion and earth ori entati on jn support of spacecraft navigation,
which needs extremely timely, moderate accuracy ear Lh rot-a t,ion
i)~formati on. In TI?MPO observations t-he raw bit st. realiw recorcled at, the
te] escopes are telemetered t.c) JPI, fc~r cc)rrel at-ion, so that. no physics]
transportation of magnetic t_apes is invc)]ved. THMPO uses i-he
J} ’1,-developed Block 1 VIJ31 system, which has a 500,000 bit-s/second
sampl ing rate, wi Lh Lime- clivi si on mult. ipl exing of channels . l’hi s sampl ing
rate permi t_s the Lel ernetry, ancl thus makes rapi d turnaround possi b) e. I’he
rc’cluced  sensitivi t-y caused by the relat ively low sampl ing rat c! in
c:ompari son Lo other prese~it - day VI,B1 syst-ems i s 1 argel y cc)nlpensat_ecl  “by Lhe
very large antennas and very low sys~em noise ]eve]s of the I)SN
tel escopes . AL present the DSN nominally schedules two TEMPO observing
sessions per week, one on the Spain–Cal i fornia (SC) baseline, ancl the
other on t-he Australia–California (AC) base] inc. Each session is
generally 3 hours in durat_ion (occasjc)nal]y less) , and recorcls a maximum
c)f 20 sources.

l’he Ilart-h rotatjon results from each 1’NMPO measurement. sessioll are
reportecl by specifying the LJ’J’O and Varia~i on-o f- I,at-i Lude(I~PH] ) of the
baseline VECTOR for that, sessic)n. Each such U1’O-DPH1 pair has an
assc)ci ated error ellipse in the UTO-DPH1 plane. Hach such error ellipse
is completely specified by t-he reported standard errors and cc)rrel ation
cc)cffic!ient. between U’1’O and I)PIII . For single base] ine VLDI measurements
of I’:RP, such as the T’13MP0 measurement-s, this error ellipse is t.ypic:ally
c]uite e]ongat-ed, with a ratio of major axis to minor axis of about. 4:1 .
‘] ’heref ore, for a proper in~erpret.at. ion of these data, it. is CRUCIA1, t-o
make full use of Lhe repor~ecl c:orrelat,  i c>n c:c)ef f ici ent. . For a
s,ing]e-ha.sel  ine VI, B] estimate c)f earth rot. at. ion, Lhe orient. at. ion of the
c,rror e] lipse in the uTo-DPHl plane i s most 1 y det-ermined  by the global
~,t.a~ion geometry. The direc Lion of the minor axjs of the error ellipse in
the UI’O– DPIII plane as predicted by the station geometry is called the



.
Lrdnsverse rotat. i on cli rect. i on, and cc)rresponc]s t-o the mc)t i on of the
ba:; e] ine in t,he 1 ocal hori z,ont. a] at. each stat.i on c)r ecluiva] ent ly t.o a
rot. at i on about an axis t-hrough the center Of the ear L.h anti t-he! mi clpc)i nt of
the? base] inc. in aclcli ti on t o being rel at. i vely insensi Live t c) ranclcn[t
llle~:lslll-eI[lc:llt.  errors , the transverse rc)t. a ti on Compc)nent is a]sc) relatively
f ree c)f errc)rs i ntrociuc:ed by t,roposphcri  C model ing errclrs , ant. c!nna
clc!f c)rlnat  i ons , and other sources c)f syst. ernat. ic 1 ocal - vert. i cal errc)rs .

1’}’:MI’O Vl,}ll measurcmmnt.s  arc! i ntenclecl t.o support. ~leclr-  real - t.i ][IC kn~wl ~dg~~

of earth oricm~at. ion. As a VI,})] data type, the 1’MMPC) resul t_s prc)vi de Url’l
i nf c)rlnat.i c>n ~ha~ i s> stab] c wi Lh respec L LC) t.hc! celestial ancl terrcst. ria]
ref erenc:e f rarnes . As a rc!su]t, the ~’RMPCl data are parti CUI arl y ef f ect ive
whc~n c:olnbi nec3 wi Lh a hi gh t.ime-reso]ut.  i on, rapi c1 Lurnarc)unci, but, nc)t.
inertial ly st-able sourc:e of U~’1 inf ormati on . AL JPI, , meteor olc)gic:a] 1 y
measurec] g] obal atmosphere c angu] ar momentum val ues (and forecasts) are
colnh ined wi th geodet_i  c HRP clata, i ncludi ng the T’HME’O  VI, I\ I resul t-s, t c)
prc)vicle  near- real - time va]u~~ ancl short. Lerm precli ci-i ons of earth
orielltat. ic)n (s, ee: Freecknan,  A. 1’. , steppe, J .A. , Di Ckeyt J .0. , ~u~)anks,
~’. M., anti S;ung, 1,- Y., ‘l’he S}lort. - ~’erm l’recii ct. i c)n of Univc!rsa] l’ime ancl
1,engt.h- of - Ilay Usi ng ALmosphc?ri c Angul ar Momc!~lt.um,  J . Gec)phys . Res . , 99,
6981-6996, April 10, 1994) .

‘1’}Ic clua] i~y of real time knc)wledge of earth orientation i s cri Lic~ally
clepenclent. on the ti me] iness of the most recent. rneasurm[~ent., even i f i L has
rc>]at ive]y large uncertainty. l’herefore ‘J’ fiMF’0 resul LS are reportecl cven
when the observi ng sessi oxi was degraded so t-hat the measurement
uncert. aint.y i s much larger than t-he typi c!al ~’RMPO uncertainty. l’hus i t i s
i mport.ant to account for t,he reported uncertai nty accompa~iyi  ng eac~h I’EMPC)
rc!su] t-. Iimpiri cal RMS residual s f rcnn a set of ‘J’EMl’C)  data wi 11 be
dominatec] by t-he smal 1 number of large -uncert-ainty  points . l’herefore RMS
resi dual s are not- a goocl measure of the typi Cal ac:cmrac:y  of TP:MPC)
measure mcmt.s . l’he uncert-ai nt-y seal ing factors for t-he ‘1’RMPO clata
dcwel opec3 by Ri charcl Gross
scri es SPACF;95 were in t-he
t he TKMPO mc!asurmnent.s  hacl
tile c!rror el 1 ipse of O .3 m:
of” 1 . 5 mas .

‘1’HMF’O formal uncertainty es
of Lhe program in 1980 to

i n produci ng the combi nat, i on-c)f - t.echni cIues 1,:01”
range 1.1 t.o 1.4. Duri ng cal endar year 1995,
C3 mecll an st anclarci  error al c~ng the mi nc)r a~. i s, c) f
1 li arcseconds  (mas) , and al ong the maj or axi s

have decreased drama t-i cal ly f rcnn the begi~~ni  ng

he present. . ‘J’hus “ average” unc:ertainti  es ovel-
t.he ful 1 hi story of the program are nc)t. representative of the
ullcertainti es of current measurements . Similarly, typical resi dual s over
t.lle f u] 1 hi story are not. representative of current. residual s .

~’ypi cal THMI?O resul Ls from the Aust. ra] i a- Cal i forni a (AC) base] i ne have an
errc)r e] lipse in the AC– UrJ’O-- AC- Variat. ion- of - I,atituc3e  plane that has i ts
miijor axis nearly aligned wi t,h the AC-UTO axis and i Ls minor axis ncar]y
a] ig~led with AC– Varia Lion-of - ],atitucle. Thus for AC points U’I’O i s
essentially the weak direction and residuals of order 1 . 5 mas are t.c) be
cxpec:t. ed. Most of the in format .ic)n c:c)ntent. of AC points is in the
Variat. ic)n-of-I,a Litude component, so failure t-o use t-he
Variat. ion-c) f- I,ati Lude amounts LC) throwing away most of the value of the AC
point-s. Properly usecl, the AC points cc)ntribut,  e substantially to
l~c~~ir--~-e?~l-Lilne  know] eclge of Polar Mot ion Y, ancl signi f ic:antly to
very -near -real --t_ime knowledge of UI’3 .

T.ypic!al  TEMPO results from Lhe Spain -Cal ifor~~ia (SC) baseline have! an
e~-ror ellipse in t,he SC- U’J’O-- SC- Variati on-c) f- L,a LiLude plane t.ha L has its
major axis rotated roughly 34 degrees away from SC- Variat. ion- cJf– I.,at-i Lucie



. . ‘t~wa]-d~  I-lQga~iVf2  sc-u~(). ~’hus the SC poi n~s have a typical U7’O
unc:c!rtai nt.y of about (1.5 mas) * sin (34 clegrees) = 0.8 mas. 1 f Usc’cl
without considering the correlat. ic)n between UTO ancl Vari ati on c)f Ilat. i t-uclc,
t.}le lJrl’O values will have errors cjf c)rcier O . 8 mas , whi C} I amount s LC)
t hrowi ng away most, of the va] ue of the sc pc]i nts . ~’o get fu] 1 value from
t he SC pc)i nts when cc)mbi ni ng t-hem wi t h ot her N(JP ]l]ezlsu]-c~I[]exlt.s;  , i t i s best
t.c) } )er f c)l”In a ful ly mult. i variate combination; f ai 1 i ng thi s , cjnc! shou] d at
1 cast. ccm~bi XIC one ‘ s know] e!clge f rcm~ nc]rl- ‘lIHM1’O sc)urces of t he
S[’ - Vari at. i C)IV of - 1,ati t.ucie wi Lh the ‘1’F,MPO--rc!port  ccl U’I’O - Vari at i c)n- c)f - 1,at i t.ucie
]~ai r al,c~ s~anc~arc~ errors ~ancl ~orr~]at.i  on c:o(~f f i Ci ent, , t-o get arl i rnprc,vecl
SC’- LJ’I’O bef ore t.ransf orming i t Lo LJ’111 . Gecmlc!t.ri  Cal 1 y t,hi s amou~)t.s t.c)
int. ersect-ing the angl ed SC errc)r e] 1 ipse wi t.h a “ srna 1 1 i n pc)l ar mc)t i on but
1 arge i n U1’1 “ error e] 1 ipse frcnn other sc)urces  . Properly usec], the SC
~)c]i nts contribute subst. ant, i al 1 y to near-real - Lime knowlecigc!  c)f U’1’1 .


